Arrestins play a prominent role in shutting down signaling via G protein-coupled receptors. In recent years, a signaling role for arrestins independent of their function in receptor desensitization has been discovered. Two ubiquitously expressed arrestin isoforms, arrestin-2 and arrestin-3, perform similarly in the desensitization process and share many signaling functions, enabling them to substitute for one another. However, signaling roles specific to each isoform have also been described. Mice lacking arrestin-3 (ARR3KO) were reported to show blunted acute responsiveness to the locomotor stimulatory effect of amphetamine (AMPH). It has been suggested that mice with deletion of arrestin-2 display a similar phenotype. Here we demonstrate that the AMPH-induced locomotion of male ARR3KO mice is reduced over the 7-day treatment period and during AMPH challenge after a 7-day withdrawal. The data are consistent with impaired locomotor sensitization to AMPH and suggest a role for arrestin-3-mediated signaling in the sensitization process. In contrast, male ARR2KO mice showed enhanced early responsiveness to AMPH and the lack of further sensitization, suggesting a role for impaired receptor desensitization. The comparison of mice possessing one allele of arrestin-3 and no arrestin-2 with ARR2KO littermates revealed reduced activity of the former line, consistent with a contribution of arrestin-3-mediated signaling to AMPH responses. Surprisingly, ARR3KO mice with one arrestin-2 allele showed significantly reduced locomotor responses to AMPH combined with lower novelty-induced locomotion, as compared to the ARR3KO line. These data suggest that one allele of arrestin-2 is unable to support normal locomotor behavior due to signaling and/or developmental defects.
Introduction
Signaling via G protein-coupled receptors (GPCRs) is controlled by a desensitization mechanism that starts with activationdependent receptor phosphorylation by a G protein-coupled receptor kinase (GRK) followed by the binding of arrestin, which precludes further signaling via G proteins and induces receptor internalization (Carman and Benovic, 1998) . The internalized receptor can either be recycled back to the plasma membrane or targeted for degradation, which leads to receptor down-regulation (Moore et al., 2007) . The two ubiquitous non-visual arrestin isoforms, arrestin-2 and arrestin-3 2 , apparently act on multiple
GPCRs. The rate and extent of GPCR desensitization, and consequently, the intensity of the G protein-mediated signaling is sensitive to the concentrations of arrestins in cells. Studies in cultured cells and living animals consistently demonstrate that overexpression of arrestins facilitates receptor desensitization and suppresses G protein-dependent signaling, whereas reduced arrestin concentration impedes desensitization and enhances G protein-mediated signaling (Ahn et al., 2003; Kohout et al., 2001; Violin et al., 2008; Vroon et al., 2004a Vroon et al., , 2004b . In addition to their role in GPCR desensitization, arrestins act as signaling molecules capable of modulating the activity of multiple signaling pathways in a G protein-independent manner . Both non-visual arrestins activate the MAP kinases ERK1/2 (Coffa et al., 2011a (Coffa et al., , 2011b Luttrell and Miller, 2013; Luttrell et al., 2001 ) and p38 (Bruchas et al., 2006 (Bruchas et al., , 2007 . Furthermore, arrestin-3 is able to activate JNK3 (Kook et al., 2014; McDonald et al., 2000; Seo et al., 2011) . The list of arrestin binding partners is quite extensive and includes hundreds of signaling proteins (Xiao et al., 2007) . Therefore, arrestins are major multifunctional regulatory proteins positioned at the crossroads of many critical signaling pathways . This suggests that arrestins are likely to play a critical role in the control of responsiveness to psychotropic drugs that directly or indirectly act via GPCRs. Studies in mice lacking particular arrestin isoforms have demonstrated a reduced locomotor response of arrestin-3 knockout mice (ARR3KO) to acute challenge with the psychostimulant drugs cocaine and amphetamine (AMPH) (Beaulieu et al., 2005) . Similarly, ARR3KO mice show a diminished locomotor response to acute treatment with morphine Urs et al., 2011) . Lack of arrestin-3 does not seem to affect the rewarding properties of morphine or cocaine (Urs et al., 2011) , although originally an increased rewarding effect of morphine, but not cocaine, in these mice had been reported . It remains unknown, however, how ARR3KO mice respond to chronic treatment with psychostimulant drugs. So far, no consistent differences in the responsiveness of mice lacking the arrestin-2 isoform to acute or chronic treatment with drugs of abuse have been reported. This is somewhat puzzling considering that arrestin-2 is the major arrestin isoform that is expressed at 10e20-fold higher levels than arrestin-3 in most brain regions (Bychkov et al., 2008 (Bychkov et al., , 2011 Gurevich et al., 2002 . Arrestin-2 and arrestin-3 share many functional properties, can fulfill the same functions and can take over each other's duties, although important differences have also been reported (Kohout et al., 2001 ). This notion is further supported by the fact that double KO is embryonically lethal, whereas mice lacking either arrestin isoform are grossly normal (Kohout et al., 2001) . In all cases where the affinity of arrestin for various binding partners has been measured, arrestin-3 demonstrated higher affinity than arrestin-2, although both isoforms are capable of binding most partners Coffa et al., 2011a Coffa et al., , 2011b Goodman et al., 1996; Song et al., 2006 Song et al., , 2009 .
To shed light on the specific functional responsibilities of each arrestin isoform in regulating responsiveness to psychostimulant drugs, we studied the AMPH-induced locomotor behavior in mice lacking arrestin-2 or arrestin-3 by chronic AMPH. Additionally, we examined psychostimulant-induced locomotion in mice with only one allele of each arrestin isoform to assess the effect of gene dosage. We examined the behavior of these mice in the locomotor sensitization paradigm with repeated administration of AMPH in order to gain insight into the plastic changes in the signaling pathways that underlie the chronic effects of psychostimulants. Many drugs of abuse produce behavioral sensitization that is seen as an increased behavioral effect of the drug (Itzhak and Martin, 1999; Valjent et al., 2010; Vanderschuren and Kalivas, 2000) . A theory positing that a sensitization-based mechanism termed "incentive-sensitization" underlies addiction (Robinson and Berridge, 1993; has become very influential. A large body of evidence suggests that the neural substrate of psychomotor sensitization involves the mesolimbic dopaminergic system and the connected circuits referred to as "the motive circuit" (Pierce and Kalivas, 1997) , and that the sensitization mechanisms play an important role in the initiation of the addiction process and in relapse (Vanderschuren and Kalivas, 2000; Vanderschuren and Pierce, 2010) . Our data demonstrate specific roles for each arrestin isoform in regulating the behavioral responses to psychostimulants.
Methods

Animals and tissue preparation
All animal procedures strictly followed the guidelines in the Guide for the Care and Use of Laboratory Animals of the National Institutes of Health. The protocol was approved by the Institutional Animal Care and Use Committee of Vanderbilt University. Arrestin-2 (ARR2KO) and ARR3KO mice were kindly provided by Dr. R. J. Lefkowitz (Duke University). The animals were housed at the Vanderbilt University animal facility with a 12/12 h light/dark cycle and free access to food and water. Mice were bred using heterozygous breeding pairs to obtain KO and wild type (WT) littermates. To maintain genetic homogeneity, mice were consistently backcrossed to WT C57Bl mice purchased from Charles River. To minimize background genetic differences between the arrestin-2 and arrestin-3 lines, the same WT mice were used for backcrosses in both lines. The single allele (SA) mice (mice that have only one allele of one arrestin, ARR2þ/-ARR3-/-and ARR2À/ÀARR3þ/À) were initially produced by crossing double heterozygous ARR2þ/-ARR3þ/-mice. To increase the yield of the correct genotype, later breeding was performed using SA mice bred with appropriate KO mice. This breeding scheme produced no WT littermates but increased the theoretical yield from 12.5% to 50%. KO mice used for breeding were derived from the general knockout population. As a result, ARR2þ/-ARR3-/-(ARR3KO/ARR2HET) mice were produced with ARR3KO littermates and ARR2À/ÀARR3þ/À (ARR2KO/ ARR3HET) with ARR2KO littermates.
Drug treatment and locomotor activity measurements
Locomotor activity was measured in open field chambers (Med Associates Inc., Fairfax, VT) equipped with Activity software. The data were collected in 5-min intervals (bins). The activity was first measured for 30 min before the injection of amphetamine (AMPH). Following pre-drug testing, the mice received 3 mg/kg of AMPH i.p. and were immediately placed back into the apparatus and tested for AMPH-induced locomotor activity for 90 min. The testing was performed daily for 7 days. After that, the mice were withdrawn from the drug for 7 days and re-tested again with the same drug dose on Day 15.
Data analysis
Statistical analysis of the data was performed using StatView software (SAS Institute, Cary, NC). The locomotor activity data were analyzed separately for each KO line by two-way repeated measure ANOVA with Genotype (KO versus WT littermates) as between group and Testing Day as within group factor. In case of SA mice, the comparison was performed between the SA mice and the corresponding KO littermates. The performance of different genotype groups was compared on each test day separately by the Student ttest, where appropriate. Alternatively, locomotor activity on a testing day was analyzed by two-way repeated measure ANOVA with Genotype (KO versus WT littermates or SA versus KO littermates) as between group and 5-min Bin as within group factor. Where appropriate, post hoc comparison of means was performed with the Bonferroni/Dunn test with correction for multiple comparisons. In all cases, p < 0.05 was considered significant.
Results
Loss of arrestin-2 and arrestin-3 differentially affects amphetamine-induced locomotion
Administration of AMPH led to an increase in locomotor activity in mice of all strains. When the AMPH-induced activity was analyzed across bins for the entire 90 min period, its level was significantly higher in ARR2KO mice as compared to WT littermates (Fig. 1A) , whereas in ARR3KO mice it was significantly lower (Genotype effect p ¼ 0.0159) (Fig. 1B) . In ARR2KO mice, the factor of Genotype was significant across testing days (the Challenge day excluded) (F(1,112) ¼ 5.808, p ¼ 0.0283). However, of the individual testing days, the elevation was significant only on Days 1 and 2 (Fig. 1A ). There were no significant differences in the baseline locomotion (before AMPH injection) among genotypes ( Fig. 1A and  B) .
The AMPH-induced locomotor activity in ARR2KO mice was high on the first days of testing and did not increase any further (p ¼ 0.29 by repeated measure with Day as repeated measure factor including Challenge day), suggesting that no sensitization had taken place. In contrast, in the WT group, repeated AMPH administration caused progressively increased locomotion (Effect of Day p ¼ 0.0061). Furthermore, on the Challenge day, the locomotor activity of WT mice was significantly higher than on the last (7th) day of AMPH administration, whereas in the ARR2KO group this was not observed (Fig. 1A) . In contrast to ARR2KO mice, mice lacking arrestin-3 demonstrated reduced locomotor response to AMPH across testing days with the difference most evident starting from Day 4 through the Challenge day (Fig. 1B) . When compared individually, the difference between the genotypes was significant on all testing days except Days 1 through 3. This argues for deficient sensitization to AMPH in these mice as compared to WT. However, upon repeated AMPH administration, their locomotion progressively increased at a rate similar to that of WT (Genotype Â DAY interaction p ¼ 0.5), and the DAY factor was significant in both the WT and ARR3KO groups when analyzed separately for each genotype (p < 0.001 for both) (Fig. 1B) . Furthermore, both genotypes showed significantly increased locomotion on the Challenge day as compared to the 7th day of AMPH treatment ( Fig. 1B) .
Analysis of the total locomotor activity on individual testing days failed to reveal hyperactivity of ARR2KO mice beyond testing Day 2 (Fig. 1A) . However, when performance on each testing day was analyzed separately by two-way repeated measure ANOVA with Bins as a within group factor, it was revealed that ARR2KO mice were not only significantly hyperactive on Day 1 (Genotype p ¼ 0.0401; Genotype x Bin p ¼ 0.0042) but remained so through testing Day 5 (Genotype p ¼ 0.0483) ( Fig. 2A and B ), albeit the difference on Day 5 was much less pronounced than on Day 1. On the Challenge Day, ARR2KO mice did not differ from their WT littermates (Fig. 2C ). There were no significant differences in the baseline locomotion between ARR2KO and WT mice on any testing day.
In contrast, ARR3KO mice showed no significant reduction in the total AMPH-induced locomotion on Day 1 as compared to WT littermates (Genotype p ¼ 0.43) ( Fig. 2A) . However, there was a significant Genotype Â Bin interaction for ARR3KO (p ¼ 0.0166) on Day 1 due to a small peak of AMPH-induced locomotion, suggesting that the loss of arrestin-3 led to a subtle early hypoactivity in response to AMPH. ARR3KO mice became significantly hypoactive from Day 5 (p < 0.001) and remained so through Day 7 (p < 0.05) (Fig. 2B and C) . They also demonstrated a significantly lower level of AMPH-induced locomotion on Challenge Day as compared to WT littermates (p ¼ 0.03, Fig. 2D ). There were no significant genotype differences in the baseline performance (Fig. 1B) . .
Complex interactive effects of arrestin-2 and arrestin-3 on the amphetamine-induced locomotion
In order to further examine the role of arrestin isoforms in regulating the psychostimulating effect of AMPH, we tested AMPHinduced locomotion in SA mouse lines in comparison with the corresponding KO lines carrying two alleles of the remaining arrestin gene. Analysis of the AMPH-induced locomotion across treatment days (collapsed across bins for the 90-min sessions) revealed no significant differences between ARR2KO and ARR2KO Fig. 1 . Locomotor responsiveness to amphetamine (AMPH) is enhanced in mice lacking arrestin-2 but is reduced in arrestin-3 knockout mice. Mice were treated with AMPH (3 mg/kg, daily for 7 days). Locomotion was measured as described in Methods. The graph shows total distance travelled during each daily session: basal activity measured for 30 min before AMPH administration and AMPH-induced locomotion measured for 90 min after administration of the drug. Mice were challenged with AMPH following a 7-day withdrawal after the 7-day sensitization. The data were analyzed separately for basal and AMPH-induced locomotion and for each knockout-wild type littermate group by two-way repeated measure ANOVA analysis with Genotype as between group and Day as within group factor. (A) The basal and AMPH-induced locomotor activity on each testing day for the entire testing period of 30 min (basal activity) or 90 min (AMPH-induced activity) in ARR2KO mice and their WT littermates. (B) The basal and AMPH-induced locomotor activity on each testing day ARR3KO mice and their WT littermates. There were no significant differences in the basal activity among genotypes. In contrast, the analysis of the AMPH-induced locomotion (with the Challenge day excluded) yielded a significant effect of Genotype for both arrestin-2 (p ¼ 0.0283) and arrestin-3 (p ¼ 0.0159). * -p < 0.05, **-p < 0.01 between the knockout and respective wild type groups on each day according to two-tailed Student's t-test; # -p < 0.05, @ -p < 0.01, $ -p < 0.001 to Day 7 by paired t-test. Fig. 2 . Locomotor responsiveness to amphetamine (AMPH) in arrestin knockout mice on individual testing days. On each testing day, the mice were initially tested in the locomotor apparatus without the drug for 30 min, with the locomotor activity measured in 5-min bins. Then the mice were injected with AMPH and tested for 90 min, with the locomotor activity again measured in 5-min bins. (A) The graph shows the locomotor performance of all mouse groups during treatment Day 1 displayed in 5-min bins. Two-way repeated measure ANOVA analysis with Genotype as between group and Bin as within group factor (performed separately for the ARR2KO and ARR3KO mice and their WT littermates) yielded a significant effect of Genotype for ARR2KO (p ¼ 0.04) but not ARR3KO (p ¼ 0.43). There was also a significant Genotype Â Bin interaction for both the ARR2KO (p ¼ 0.0042) and ARR3KO (p ¼ 0.0166) groups. (B) Locomotor performance during testing Day 5. ARR2KO mice were hyperactive as compared to WT littermates (Genotype p ¼ 0.0483), whereas ARR3KO mice were hypoactive (p ¼ 0.0021). (C) Locomotor performance on Day 7. ARR2KO mice were no longer hyperactive as compared to WT littermates (Genotype p ¼ 0.14), whereas ARR3KO mice remained hypoactive (Genotype p ¼ 0.0196; Genotype x Bin p < 0.001). (D) The locomotor performance of all mouse groups on the Challenge day. No significant effect of Genotype was detected for ARR2KO (p ¼ 0.93). In contrast, the difference between ARR3KO mice and their WT littermates remained significant (p ¼ 0.03). Fig. 3 . Locomotor responsiveness to amphetamine in arrestin knockout mice is modulated by the gene dosage of the other arrestin isoform. (A) The graph shows total distance travelled after AMPH administration during each of the seven 90-min daily sessions and on the Challenge day. The data were analyzed separately for each knockout-SA littermate group by two-way repeated measure ANOVA analysis with Genotype as between group and Day as within group factor. The analysis yielded no significant effect of Genotype for arrestin-2, but a significant effect for arrestin-3 (p ¼ 0.0147). (B) Total distance travelled during the 30-min pre-testing on each of the testing days and the Challenge day. Two-way repeated measure ANOVA yielded a significant effect of genotype for ARR3KO/ARR2HET groups as compared to ARR3KO littermates (p ¼ 0.002), whereas there was no difference between the ARR2KO and ARR2KO/ARR3HET genotypes. * -p < 0.05, **-p < 0.01 between the knockout and respective wild type groups on each day according to two-tailed Student's t-test; # -p < 0.05, @ -p < 0.01, $ -p < 0.001 to Day 7 by paired t-test.
mice also lacking one arrestin-3 allele (A2KO/A3HET) (p ¼ 0.18) (Fig. 3A) . Their performance on the Challenge day was also identical. However, ARR3KO mice hemizygous for ARR2 (A3KO/A2HET) demonstrated a significantly reduced locomotor response to AMPH across testing days (p ¼ 0.0129), from Day 1 through Day 7, as well as with the inclusion of the Challenge day (p ¼ 0.0147). The locomotor response was sensitized in these mice as well as in ARR3KO mice by repeated AMPH administration, as evidenced by a progressive increase in the locomotor activity (Day effect p < 0.001) and increased locomotion on the Challenge day as compared to Day 7 of treatment (Fig. 3A) .
Interestingly, ARR3KO/ARR2HET mice also exhibited reduced basal locomotor activity during pre-testing before AMPH administration. Fig. 3B presents data on the basal locomotion for all genotypes collapsed across 5-min bins for the entire 30 min pretesting period for each experimental day plus the Challenge day. As shown in Fig. 3B , ARR3KO/ARR2HET mice have reduced basal locomotion throughout the experimental period as compared to ARR3KO littermates (p ¼ 0.002). In contrast, ARR2KO/ARR3HET mice did not differ from their ARR2KO littermates in basal locomotion (Fig. 3B) . As seen in the graph, ARR3KO, ARR2KO, and ARR2KO/ARR3HET had similar basal locomotor activity, although no formal comparison could be made because these genotypes (ARR3KO versus ARR2KO, and ARR2KO/ARR3HET versus ARR3KO/ ARR2HET) came from different breeding lines.
Although ARR2KO/ARR3HET mice did not differ from ARR2KO in the overall AMPH-induced locomotion across testing days, analysis of their locomotor activity on Day 1 by 5-min bins showed them to be significantly less active across bins than ARR2KO (Genotype p ¼ 0.0447; Genotype x Bin p ¼ 0.0021) (Fig. 4A) . On subsequent testing days, the effect of Genotype was no longer significant, but the Genotype Â Bin interaction remained significant (p ¼ 0.0065 for Day 5, Fig. 4B ) due to a faster decline in locomotion after the AMPH injection in ARR2KO/ARR3HET mice.
ARR3KO/ARR2HET mice were grossly hypoactive in response to AMPH as compared to ARR3KO on Day 1 across bins (Genotype p ¼ 0.0159), hardly registering any locomotor response to AMPH at all (Fig. 4A) . The graph also illustrates the basal hypoactivity (without AMPH) in these mice (Genotype p ¼ 0.0138), which was particularly evident at the start of the testing session (Genotype x Bin for basal activity p ¼ 0.0032). On subsequent days, they remained significantly hypoactive following AMPH injection. For example, on Day 5 (Fig. 4B ) they showed an overall reduction in activity across bins (Genotype p ¼ 0.0344), most pronounced during the peak response to AMPH (Genotype x Bin p ¼ 0.0156). There was no longer an overall reduction in the basal locomotion, although the Genotype Â Bin interaction remained significant (for Day 5 p ¼ 0.0186) due to lower activity at the beginning of the testing session.
Discussion
Many drugs of abuse act, directly or indirectly, via G proteincoupled receptors (GPCRs). In particular, the reward mechanisms of the mesolimbic system are mediated by dopamine (DA) and the signaling of DA receptors is invariably involved. Agonist-occupied GPCRs activate their cognate G proteins before the response is reduced and eventually blocked by desensitizing mechanisms. The classic model of homologous desensitization of GPCRs posits that agonist-activated receptors are phosphorylated by GRKs, which converts them into targets for high-affinity arrestin binding (Carman and Benovic, 1998) . Bound arrestin shields the cytoplasmic surface of the receptor, precluding further G protein activation (Kang et al., 2015; Rasmussen et al., 2007) . Arrestin binding subsequently targets the receptor for internalization (Goodman et al., 1996; Laporte et al., 1999) . Arrestins also redirect GPCR signaling from G protein-dependent to G protein-independent pathways via their interaction with numerous signaling molecules Shukla et al., 2011) . Two ubiquitously expressed arrestin isoforms, arrestin-2 and arrestin-3 (also known as b-arrestin1 and b-arrestin2), appear to regulate the signaling via hundreds of GPCRs . Thus, arrestins play a key role in regulating GPCR responsiveness to agonists via desensitization, as well as via the arrestin-mediated second round of signaling. The known molecular mechanisms of arrestin action suggest that these proteins also perform a critical function in the neuronal adaptations induced by the exaggerated signaling caused by drugs of abuse. However, information regarding the precise role of arrestins in the physiological processes associated with drug addiction is currently limited.
Psychostimulant drugs such as cocaine and AMPH enhance striatal dopaminergic neurotransmission, causing stimulation of the striatal dopamine receptors, and as a result, increased locomotor activity. There is ample evidence of the critical, albeit distinct, roles of the D1 and D2 dopamine receptors expressed on postsynaptic medium spiny striatal neurons in the behavioral effects of psychostimulant drugs [reviewed in (Baik, 2013; Johnson and Lovinger, 2016) ]. Earlier studies suggested that striatal D1 and D2 receptors were dispensable for the induction of locomotor sensitization to psychostimulants (Baik, 2013; Johnson and Lovinger, 2016; Vanderschuren and Kalivas, 2000) while emphasizing the role of the ventral tegmental area in that process (Vanderschuren and Kalivas, 2000) . However, recent experiments highlighted the role of the striatal dopaminergic mechanisms, particularly those mediated by D1 receptors, in the induction of sensitization (Ferguson et al., 2011; Gore and Zweifel, 2013; Hikida et al., 2010) . The drug-induced plasticity of D2 autoreceptors has also been implicated in the expression of locomotor sensitization to psychostimulants (Vanderschuren and Kalivas, 2000) . Both arrestin isoforms are ubiquitous and are co-expressed, with few exceptions, in all areas of the brain (Gurevich et al., 2002 . Interestingly, in most areas of the adult brain, including the striatum, substantia nigra and ventral tegmental area, arrestin-2 is 10e20 times more abundant than arrestin-3 (Gurevich et al., 2002 . The preferential interaction in neostriatal neurons of arrestin-2 with the D2 and of arrestin-3 with the D1 dopamine receptor has been reported (Macey et al., 2004 (Macey et al., , 2005 . This selectivity does not appear to be due to differences in the arrestin expression level between the D2-and D1 receptor-bearing neurons, since the direct and indirect pathway striatal neurons express comparable levels of arrestin-2, and the same is true for arrestin-3 (Bychkov et al., 2013) . Although the details of how different GPCRs expressed by the striatal or midbrain dopaminergic neurons contribute to locomotor sensitization to AMPH remain unclear, both arrestin isoforms in multiple brain areas might participate in the signaling plasticity associated with the sensitization process.
If arrestins regulated the responsiveness to psychostimulants via their role in GPCR desensitization, then the loss of arrestins should be expected to cause delayed desensitization, i.e. overactivity of the dopamine receptors (all of which are GPCRs), and increased locomotor responsiveness to psychostimulants. However, previous studies have shown that the loss of arrestin-3 leads to reduced locomotor responses to the non-selective dopamine agonist apomorphine and to the psychostimulant amphetamine (Beaulieu et al., 2005; Gainetdinov et al., 2004) . Mice lacking arrestin-3 display a blunted locomotor response to morphine, which is also mediated by increased dopamine release and the resulting enhanced stimulation of striatal dopamine receptors Urs et al., 2011) . One discordant note is that the loss of arrestin-3 does not seem to alter the locomotor response to another psychostimulant drug, cocaine Gainetdinov et al., 2004) . This may be explained by a relatively more prominent role of the cortical glutamatergic mechanisms (Steketee, 2005; Vanderschuren and Kalivas, 2000) , which would not be directly impacted by the loss of arrestins, in the sensitization to cocaine. It is important to remember that the previous studies only examined the acute effects of psychostimulant drugs in arrestin knockout mice. Our data confirm the reduction in the acute locomotor response to AMPH in ARR3KO mice reported previously (Beaulieu et al., 2005) . We extend these findings by showing that the difference between the ARR3KO mice and their WT littermates deepens with repeated drug administration, suggesting diminished sensitization of the locomotor response to AMPH. However, ARR3KO mice are not totally deficient in sensitization, since they did increase their locomotion with chronic treatment and upon AMPH challenge following a 7-day withdrawal period. This suggests that arrestin-3 is involved in the development, but not the expression, of AMPH sensitization. On the whole, the data point to the role of arrestin-3-mediated signaling, rather than arrestin-3-mediated receptor desensitization, in the dopamine-dependent behavioral effects of psychostimulants and other drugs of abuse. When the signaling is missing due to the absence of arrestin-3, the behavioral responsiveness to drugs is diminished.
It had been reported in an extensive review by Gainetdinov et al. (2004) that ARR2KO mice, similarly to ARR3KO mice, have reduced locomotor responsiveness to AMPH. In contrast, in the present study we found ARR2KO mice to be hypersensitive to the locomotor effect of AMPH, most evidently during the first days of treatment, with some effect persisting for several sessions. The reason for this discrepancy with the previous findings is unclear. One possibility is that the previous study used both males and females, whereas here we tested males only. The mice did not demonstrate measurable sensitization of the locomotor response following the initial hyperactivity, which allowed WT animals to eventually catch up with ARR3KO/ARR2HET mice remained significantly hypoactive (Genotype p ¼ 0.0344; Genotype x Bin p ¼ 0.0156). There was no significant reduction in the basal activity in ARR3KO/ ARR2HET (p ¼ 0.38) mice but they showed lower activity at the beginning of the session (Genotype x Bin p ¼ 0.0186). (C) The locomotor performance on Day 7. There was no significant difference between ARR2KO and ARR2KO/ARR3HET (p ¼ 0.16), although the Genotype Â Bin interaction remained significant (p ¼ 0.0017). ARR3KO/ARR2HET mice remained significantly hypoactive (Genotype p ¼ 0.041; Genotype x Bin p < 0.0001). There was no significant reduction in the basal activity in ARR3KO/ARR2HET (p ¼ 0.3) mice but they showed lower activity at the beginning of the session (Genotype x Bin p < 0.0001). (D) The locomotor performance of all mouse groups on the Challenge day. No significant effect of Genotype was detected for the ARR2KO-ARR2KO/ARR3HET pair (p ¼ 0.78). The basal activity also did not differ. There was also no significant Genotype effect between ARR3KO and ARR3KO/ARR2HET across bins (p ¼ 0.109) but the Genotype Â Bin interaction remained significant (p < 0.001). Similarly, the basal activity was not significantly different across bins, but the Genotype Â Bin interaction was significant (p ¼ 0.0019) due to low novelty-induced locomotion of ARR3KO/ARR2HET mice at the start of the experiment. The arrows and significance levels apply to the Genotype factor following ANOVA analysis across all bins. them during the last treatment sessions and on the Challenge day. The behavior of ARR2KO mice is reminiscent of that of mice lacking GRK6, a G protein-coupled receptor kinase that phosphorylates activated GPCRs as the first step in the desensitization process , which were also supersensitive to psychostimulants . These findings appear more consistent with the classic role of arrestin-2 in receptor desensitization, when the loss of arrestin causes retarded desensitization, and as a result, enhanced signaling.
The arrestin isoforms are remarkably similar structurally and share many functional properties (Han et al., 2001; Milano et al., 2002; . Most GPCRs bind both arrestins, although the affinity of different receptors for arrestin-2 and arrestin-3 differ substantially (Gurevich et al., 1995; Kohout et al., 2001; Oakley et al., 2000) . These structure-functional similarities result in the ability of arrestin isoforms to functionally substitute for one another to a degree, so that the absence of both arrestins is often required to severely compromise the signaling in cells (Cleghorn et al., 2015; Kohout et al., 2001 ). Furthermore, deletion of both arrestin isoforms is embryonically lethal (Kohout et al., 2001) , whereas mice lacking only one of the arrestin isoforms are grossly normal. A significantly higher abundance of arrestin-2 as compared to arrestin-3 (Gurevich et al., 2002 suggests that arrestin-2 might be the major "housekeeping" isoform, whereas arrestin-3 is reserved for more specialized functions. Both arrestin isoforms are also capable of regulating most arrestin-dependent signaling pathways, although, again, differences in affinities for various binding partners have been noted Beaulieu et al., 2005; Kohout et al., 2001; Macey et al., 2004 Macey et al., , 2005 . One notable exception is the ability of arrestin-3 to activate the JNK pathway, which arrestin-2 lacks (Kook et al., 2014; McDonald et al., 2000; Miller et al., 2001; Seo et al., 2011; Song et al., 2009; Zhan et al., 2015) . Arrestin-2 does bind the components of the cascade; this does not, however, result in activation of the JNK3 kinase (Seo et al., 2011; Zhan et al., 2015) . Although arrestin-3 is more often implicated in signaling (Luttrell and Miller, 2013; Shukla et al., 2011) , arrestin-2 was shown to recruit c-Src to active GPCRs (Luttrell et al., 1999) and to facilitate the activation of ERK1/2 (Coffa et al., 2011b; Luttrell et al., 2001) . Double ARR2/ARR3 KO mice do not survive beyond embryonic day 12 (Kohout et al., 2001) . Therefore, in order to gain insight into the specific roles of the arrestin isoforms, we investigated the responsiveness to AMPH of mice with only one allele of either arrestin-2 or arrestin-3 in comparison with their knockout littermates that have both alleles of the other arrestin. The loss of arrestin-3 causes reduced responsiveness to AMPH, and, predictably, ARR2KO mice also lacking one ARR3 allele (ARR2KO/ ARR3HET) showed reduced locomotion as compared to the parental ARR2KO line. Although no direct comparison with WT was made, numerically these mice were quite close to WT. This means that the presence of just one allele of arrestin-3 was sufficient to support normal responsiveness to AMPH (Figs. 1 and 3) .
However, the behavior of ARR3KO mice lacking one arrestin-2 allele (ARR3KO/ARR2HET) was counterintuitive: they were severely hypoactive following AMPH administration in comparison with the parental ARR3KO line. In fact, on the first day of treatment they hardly registered any locomotor response to AMPH at all. They also showed reduced basal locomotion, particularly at the beginning of the session, possibly indicative of reduced novelty-induced locomotion. These mice possess one allele of arrestin-2, which, in the absence of arrestin-3, proved unable to support normal basal locomotion or response to AMPH even at the level of ARR3KO mice. Conceivably, a certain level of arrestin activity is required for the proper functioning of the neuronal signaling pathways, during development and/or in the mature brain, to sustain normal locomotor responsiveness to various stimuli. One allele of arrestin-3 or a full complement of arrestin-2 is sufficient to fulfill those functions, whereas one allele of arrestin-2 is not.
In the context of this model, our study revealed an important role of the more abundant arrestin-2 in suppressing AMPH-induced locomotion ( Figs. 1 and 2) , suggesting that the acute effect of AMPH is largely mediated via G protein-dependent signaling ( Fig. 5A and  B) . In ARR2KO mice, G-protein-mediated signaling is likely to be enhanced due to the lack of abundant arrestin-2 and, consequently, impeded receptor desensitization (Fig. 5B) . Additionally, arrestinmediated signaling might also be enhanced due to the elimination of the less efficacious arrestin-2 from the competition for signaling proteins (Fig. 5B) . The lower AMPH-induced locomotor activity of ARR3KO animals suggests that the full locomotor response to AMPH requires arrestin-3-dependent signaling, which is largely lost in ARR3KO animals, since only the weaker signaling arrestin-2 is left to fulfill the signaling functions (Fig. 5C ). Arrestin-3 interaction with the D2 dopamine receptor and PP2A, which results in the dephosphorylation and deactivation of Akt, and ultimately, in reduced Akt-dependent phosphorylation and increased activity of GSKb, was shown to be critical for the acute locomotor responsiveness to AMPH (Beaulieu et al., 2005) . It is conceivable that this pathway plays a role in the blunted locomotor sensitization to AMPH as well. Reduction of locomotion in ARR2KO/ARR3HET mice, as compared to ARR2KO, is consistent with the role of arrestin-3-mediated signaling in AMPH-induced locomotion (Figs. 3 and 4) . However, the lower activity of ARR3KO/ARR2HET mice in comparison to ARR3KO animals is not explained by this simplistic model, suggesting a more complex interaction between G proteinand arrestin-dependent signaling pathways, either in the acute responsiveness to AMPH or in the development of sensitization.
An alternative model can be proposed based exclusively on arrestin-mediated signaling (Fig. 5DeF) . Although the affinity of non-visual arrestins for other signaling proteins has been measured in only a few cases, arrestin-3 invariably demonstrates higher affinity and stronger signaling capacity than arrestin-2 Cleghorn et al., 2015; Oakley et al., 2000) . For example, arrestin-3 scaffolds PP2A and Akt on the D2 dopamine receptor, mediating Akt dephosphorylation (Beaulieu et al., 2005) . In the same study, a weaker binding of arrestin-2 to Akt was detected, suggesting that both isoforms could signal via the same pathway, albeit with different efficacy. Thus, if we only consider arrestinmediated signaling in all animals, assuming that G proteinmediated signaling plays a minimal role in AMPH-induced locomotion (Fig. 5D) , the locomotion should still be expected to increase in ARR2KO mice relative to WT, as in these animals arrestin-2, which is more abundant in the brain (Gurevich et al., 2002 , but less efficacious as a signaling mediator, does not compete with the stronger signaling mediator arrestin-3 (Fig. 5E ). In contrast, in ARR3KO mice the locomotion is reduced, since arrestin-mediated signaling is driven solely by arrestin-2, which is weaker than arrestin-3 (Fig. 5F ). This model predicts that ARR2KO/ ARR3HET mice would be less mobile as compared to ARR2KO animals, since they have half the level of the only available arrestin, arrestin-3, resulting in reduced arrestin-mediated signaling, and consequently, suppressed behavioral response to AMPH. The same logic applies to ARR3KO/ARR2HET mice, suggesting that they would be even less mobile than ARR3KO animals, as the dose of arrestin-2, and therefore arrestin-2-mediated signaling, is reduced. Both predictions match experimental data (Figs. 3 and 4) . Thus, the model that excludes the role of G protein-mediated signaling in AMPH-induced locomotion (Fig. 5DeF) logically explains all the data (Figs. 1e4) .
The elucidation of the molecular mechanisms of arrestindependent changes in amphetamine-induced locomotion requires a better understanding of the biological roles of arrestins in both suppression and transduction of the GPCR signaling.
Conclusions
Our results demonstrate the contrasting consequences of the loss of arrestin-2 and arrestin-3 on AMPH-induced locomotion and locomotor sensitization. Mice lacking arrestin-2 are initially hyperresponsive to AMPH, which is consistent with either impaired receptor desensitization due to the absence of the major arrestin isoform, or the absence of a more abundant competitor of arrestin-3, which tends to serve as a more efficient signal transducer, at GPCRs. In contrast, mice lacking arrestin-3 are hyposensitive to AMPH and show poor locomotor sensitization, an effect consistent with the role of arrestin-3-mediated signaling in AMPH-induced locomotor behavior. Single-allele mice with knockout of arrestin-3 and one allele of arrestin-2 are grossly hyposensitive to AMPH and show significantly impaired novelty-induced locomotion, suggesting either developmental defects or a predominant role of arrestin-mediated signaling in amphetamine-induced locomotion.
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